In this study solar driven absorption chiller is used to reduce the peak cooling load in office buildings in Saudi Arabia for different selected cities. The study is conducted for six cities of Abha, Dhahran, Hail, Jeddah, Nejran and Riyadh under three operating durations of 4, 6, and 8 hours using flat plate or evacuated tube collectors. The energy analysis concluded that flat plate collectors are better than evacuated tube collectors. However, the results from economic analysis suggest that while proposing a gas fired absorption chiller will reduce running costs, further reduction by using solar collectors is not feasible because of its high initial cost. At the best case scenario the Net Present Value of a 10 Ton Absorption chiller operated by natural gas boiler and two large flat plate collectors (12m^2 each) running for 8 hours/day, 5days/week has a value of 117,000 $ and Internal Rate of Return (IRR) of 12%. Solar driven absorption chiller could be more feasible if the gas prices increases or the solar collector prices decreases significantly. Finally, government economic incentives and taxes are recommended to provide a boost for the feasibility of such projects.
Introduction
The growth in economy and advancement in technology depends on the amount of energy that is available and can be utilized in that country. Fossil fuels are the primary source of energy that is utilized in almost all places throughout the world. Nevertheless fossil fuels are a non-renewable source of energy and its resources are getting depleted. In addition, burning fossil fuel causes an adverse effect on the environment such as pollution, global warming and depletion of ozone layer due to the greenhouse gas effect. Hence the need arises to explore alternative sources of energy that reduces the burning of fossil fuels. In the present day renewable energy sources are the best alternative for supplying the required energy and decrease the combustion of fossil fuels. Examples of renewable energy include solar energy, wind energy, geothermal energy, tidal energy etc. Solar energy has the most potential among all these different types of energy because it's high availability in nature. At present the energy consumed by the world is about 1.84×10 13 W [1] and the amount of solar radiation that is transmitted to the earth is around 1.74×10 17 W [2] . Hence solar energy has vast potential as an energy source.
We cannot however completely eliminate utilization of conventional energy sources as it is currently impossible, but the focus should be on reducing the dependency on conventional energy sources. Focusing on the Gulf region, primarily in Saudi Arabia, high amounts of energy are consumed by the air conditioning and refrigeration applications. According to a report from 2010 [3] the amount of electrical energy consumed by the air conditioning sector in KSA was more than 36% of the total generated electricity, moreover this demand for energy is increasing. Hence we should try to satisfy these energy requirements in the air conditioning sector by the utilization of the renewable energy i.e. primarily by solar energy. The advantage of solar energy is that the peak demand for air conditioning matches with the peak of solar energy radiation [4] . Hepbasli and Alsuhaibani [5] carried out research reviewing the various applications and studies on solar energy in Saudi Arabia. Research in various applications has been carried out in Saudi Arabia. These include solar water desalination, solar powered irrigation, solar photovoltaic systems, solar stills, exergetic solar radiation and also some studies in solar cooling/refrigeration etc. However, less studies has been made for utilization of solar absorption systems for providing air conditioning in Saudi Arabia.
A project to reduce the cost and improve the efficiency of air cooling system was carried out by SOLARES in which Saudi Arabia participated. [6, 7] . Solar cooling can have a huge impact in Saudi Arabia and hence the number of projects for development and demonstration in this field should be increased. A variety of different solar refrigeration technologies have been developed and are now available at comparatively cheaper prices [8] . Two kinds of system can be used to produce cooling: solar thermal and solar electrical cooling systems. In the case of solar electrical system, photovoltaic system is used to obtain electrical energy from solar energy, which is then used to produce the refrigeration like the conventional vapor compression system. In the case of solar thermal system, solar energy is used to run the absorption refrigeration system. According to a study by Kim and Ferreira [8] solar thermal systems are cheaper than solar electrical systems. Another study by Otanicar et al. [9] shows that up to 95% of incident solar radiation can be utilized by solar thermal systems compared to up to 35% of the incident solar radiation that is converted to electrical energy by photovoltaic system. Therefore, solar thermal systems have potential in producing the required cooling and more research is being done on this field; however, they have some challenges. A recent research paper by Siddiqui and Said [10] reviewed solar absorption systems and summarized the works done in this field.
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Some of the previous studies on solar absorption systems were carried out by Trombe and Foex [11] and Chinnappa [12] . Research was carried out by Kundu et al. [13] to study the performance of solar absorption systems using different types of solar collectors and the conclusion was made that the concave parabolic collector provided the best performance. Later, many components were added to absorption system to increase its COP (coefficient of performance). Aqua-ammonia and LiBr-water are the most common working pairs in the absorption refrigeration systems [10] . Various experimental and simulation studies showed that single effect and double effect solar powered absorption chiller have COP of around .7 and 1.3 respectively [14] [15] [16] [17] with double effect chillers being cheaper by 50% for the same COP [18] .
Florides et al. [19] carried out the simulation to study the performance of LiBr-water system in Cyprus. The system was equipped with 15 m 2 compound parabolic collector and also consisted a 600 L hot water storage tank. For this system he also performed the cost optimization. Their optimization results indicated a life cycle savings of C£ 1376 without subsidized fuel cost. Fumo et al. [20] studied a hypothetical solar thermal driven cooling system for data center in Albuquerque, New Mexico. Their results suggest using flat plat collectors are superior to evacuated tubes. In their conclusion the researchers suggest using the system in typical office building operating (8 am to 5 pm) and they expect that the system will have better energy performance.
Eicker and Pietruschka [21] performed the cost analysis of solar powered LiBr-water absorption system for office buildings. Their cost analysis indicated that for long operation hours in Southern European locations, cooling costs are around 200 euros per MWh. They prepared a full simulation model of the absorption cooling system along with storage tank and collector model. Their results revealed that varying the load time for same maximum cooling load results in a variation of solar collector area by more than a factor of 2 for getting the same solar fraction.
The literature review revealed that there are limited studies on solar-driven absorption chiller for office buildings. However, no study has been conducted for such system in office building for Saudi Arabia weather conditions. Therefore, this study will fulfil this gap.
SYSTEM DESCRIPTION
For this study, an office building will be considered. The building's air conditioning system will run for 5 days a week. The cooling load of the building is satisfied with vapor compression air conditioning system having a COP of 4. This vapor compression system also works as a heat pump when heating is required in the building with a COP of 3. However, during the peak cooling load excess electricity is consumed which transfers into high demand on the electricity grid. Also, for meeting the peak summer cooling demand the cooling system of a much higher capacity is required, compared to the capacity of the cooling system throughout the year. Therefore, introducing a solar powered absorption chiller to support at peak cooling loads to minimize the cooling required from the vapor compression system is considered to be a good option. The solar powered absorption chiller will be investigated when being run by two different types of solar collectors: flat plate collectors and evacuated tube collectors. The system consists of solar collectors, storage tank with a heat exchanger, an auxiliary natural gas boiler to provide the required inlet temperature to the absorption chiller, and a cooling tower for cooling the condenser coils of the absorption chiller. Chilled water from the absorption chiller is pumped to the air conditioning distribution system. Figure 1 shows the schematic diagram for the system under study.
Cooling and Heating Loads
The absorption chiller is assumed to be working at steady state condition and provide constant full capacity cooling or heating power for various cases at the specified duration of operation. When the average temperature of the month is above 20°C, the absorption chiller system will operate during peak cooling demand of the office building, the absorption chiller is assumed to provide a constant 10 Ton of cooling, and the rest will be met by the conventional cooling system which also satisfies the cooling demand during the remaining hours of the day. Study has been made for 3 scenarios of peak load durations namely 4, 6, and 8 hours.
Similarly when the average temperature of the month is below 20°C, the absorption chiller system will operate during peak heating demand of the office building, the absorption chiller is assumed to provide a constant 14 Ton of heating, and the rest will be met by the conventional heating system which also satisfies the heating demand during the remaining hours of the day. Study has been made for 3 scenarios of peak load durations namely 4, 6, and 8 hours.
Location Selected
Six cities from different provinces in KSA were chosen. The cities and their metrological data are presented as follows. Locati on
All data in this section were obtained from weather data obtained from NASA through RetScreen Software [22] . Figure 2 shows the general curve of ambient air temperature for all cities. Hail city has the lowest ambient temperatures during the winter; therefore, it is recommended that peak load heating is mostly required for this area. Its average temperatures are around 15 degrees Celsius in winter. Jeddah on the other hand has the lowest temperature deviations between summer and winter with average temperatures are around 25°C in winter and around 31 degrees in summer. Hence it does not require heating throughout the year. However, the summer peak daily average temperatures are in Riyadh and Dhahran with temperatures 35 and 36°C respectively. This peak suggest that peak load cooling is mostly needed in these two cities. On the other hand, during summer Abha has the lowest ambient temperature among all cities with an average temperature of around 22°C. This suggests that Abha requires the least peak load cooling. 
ENERGY ANALYSIS
Cooling and heating air conditioning loads from the office building were transformed into hot water load or demand by dividing the load by its corresponding absorption chiller COP. Then, hot water demand is entered into RetScreen, with different combinations of cities, number and type of solar collectors, number of operational hours. The input variables into the energy analysis were given in values of solar fraction were obtained as illustrated in Table 3 . The results indicate the number of flat plate solar collectors and evacuated tube solar collectors required to achieve solar fraction 1 for various operating hours for different cities. The results clearly shows that flat plate collectors are superior to evacuated tubes in terms of delivering the required energy for this specific application. This coincides with the findings of Fumo et al. [20] , and the reason is that since the temperature rise in the collectors are small, around 5°C only, flat plate collector's efficiency is higher for that range. Another observation in the data is that Nejran, with the lowest latitude, has the highest solar fraction, then Jeddah, Riyadh, and Dhahran which have similar intermediate latitude have similar values of solar fraction. Finally, Hail city, the city with the highest latitude has the lowest values of solar fraction. However, Abha is not included in that pattern due to its low temperatures and different cooling/heating demand pattern.
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ECONOMIC ANALYSIS
Riyadh was selected as the city to make the detailed economic analysis because it is the capital and has the highest number of office buildings. Additionally, resources and their availability is high. Finally, since it has similar cooling/heating demand as Dhahran and it also has similar solar fraction, it is expected that the economic analysis for both cities will be very close to each other. Table 4 lists the main inputs used for the 25 years economic analysis of the project. Natural Gas prices and electricity prices are today's prices for commercial sector. The Net Present Value (NPV) for the project in Riyadh are given in figures 4 and 5 below for flat plate collectors and evacuated tube collectors respectively for three different running time. The results from the figures clearly indicate that it is feasible to run the absorption chiller with natural gas instead of having vapor compression system since it has positive NPV at 0 Collectors. In addition, the introduction of solar collectors is not economically feasible because it decreases the NPV of the project as number of collectors is increased. However, another observation made from comparing the figures indicate that utilization of flat plate collectors are more feasible than evacuated tube collectors. Also it is shown that the longer the time the absorption chiller runs per day, the more economical it becomes.
The results indicate that using 20 flat plate solar collectors for 8 hour operation of absorption chiller has a positive NPV, and hence is economically feasible. But as the number of hours of operation are decreased the NPV becomes negative. Utilizing up to 12 flat plate collectors for all 3 durations of operation has a positive NPV, hence with lower number of collectors the operation is feasible. For evacuated tube collectors, utilizing more than 20 collectors results in a negative NPV, hence evacuated tube solar collectors are not economically feasible. The low prices of natural gas and electricity and the high initial cost of solar collectors are the key elements for this result of NPV. To make this system feasible many approaches may be taken. An increase in fuel prices, introduction of greenhouse emissions tax, a subsidy in the collectors prices are only few of many other possible governmental solutions. However, from consumer point of view, running the system for longer periods of time, 7-days a week will make the project more feasible. Another possible approach is the use of two stage absorption chillers which will lead to higher NPV. This study presents results by performing simulations with different arrangements of solar thermal driven cooling systems as a cooling plant in order to reduce the peak cooling and heating loads in office buildings in Saudi Arabia. The different arrangements considered were the number of collectors, type of collectors, and different duration of operation during the day when the peak cooling load is required varying from 4 to 8 hours. Flat plate collectors and evacuated tube collectors were compared. Our results with energy analysis suggests that flat plate collectors are better than evacuated tube collectors in terms of delivering the required energy for the office building with electric chillers since that temperature rise in the collectors are small, around 5°C only, flat plate collector's efficiency is higher for that range. With increasing the number of operation hours the number of collectors required also increases to have the same solar fraction. Also the results from economic analysis suggest that while proposing a gas fired absorption chiller will reduce running costs, further reduction by using solar collectors is not feasible because of its high initial cost. At the best case scenario NVP of a 10 Ton Absorption chiller operated by natural gas boiler and 2 large flat plate collectors (12m 2 each) running for 8 hours/day, 5days/week has a value of 117,000 $ and Internal Rate of Return IRR of 12%. Using solar collector for the absorption chiller can be more feasible solution if it used for seven days a week rather than five days a week. Further significant reduction in solar collectors prices and/or increase in the fossil fuel prices, will make solar driven cooling system a feasible alternative. Finally, government economic incentives and taxes can serve as a boost for the feasibility of such projects.
